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HIGHLIGHTS 


•  Ni-based  anodes  were  prepared  by  NiO  impregnation,  (Ni,  Mg)0  impregnation  and  conventional  sintering. 

•  They  are  investigated  under  the  conditions  of  anodic  current  polarization  and  redox  cycling. 

•  Optimized  loading  of  impregnation  was  obtained  as  40  wt%. 

•  Improved  performance  stability  and  redox-ability  were  achieved  by  (Ni,  Mg)0  impregnation. 
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Three  kinds  of  anodes  prepared  by  NiO  impregnation,  (Ni,  Mg)0  impregnation  and  conventional 
sintering  methods  are  investigated  under  the  conditions  of  anodic  current  polarization  and  redox 
cycling.  The  optimized  NiO  loading  in  the  NiO-impregnated  anode  is  40  wt%;  and  the  minimum 
polarization  resistance  is  1.40,  0.71  and  0.60  Q  cm2  at  700,  750  and  800  °C,  respectively,  due  to  the 
increased  triple  phase  boundary  and  conductivity  that  promote  the  charge-transfer  process  of  H2 
oxidation  reaction.  The  conventional  Ni— YSZ  cermet  anode  is  less  sensitive  to  the  current  polarization 
at  200  mA  cm-2;  however,  its  polarization  resistance  is  much  higher  than  those  of  the  impregnated 
anodes.  (Ni,  Mg)0  impregnation  improves  the  performance  durability  and  redox-ability  at  800  °C, 
with  a  low  polarization  resistance  of  0.93  Q  cm2  after  48  h  of  current  polarization  and  of  0.71  Q  cm2 
after  10  redox  cycles.  The  addition  of  Mg  lowers  the  reducibility  of  (Ni,  Mg)0  particles;  and  its 
improved  electrochemical  performance  and  redox  cycling  resistance  are  attributed  to  its  stabilized 
microstructure  consisting  of  nano-scale  Ni  particles  distributed  on  the  surface  of  the  pre-sintered  YSZ 
scaffold.  The  agglomeration  of  fine  Ni  particles  is  suppressed  by  the  unreduced  (Ni,  Mg)0  in  the 
anode. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  a  highly  efficient  energy  con¬ 
version  device  which  generates  electrical  power  directly  from  fos¬ 
sil,  biomass  and  hydrocarbon  fuels  at  a  low  level  of  greenhouse  gas 
emission.  Fuel  flexibility  is  one  of  their  major  advantages  over  other 
types  of  fuel  cells.  In  a  SOFC  cell,  the  fuel  is  oxidized  at  the  porous 
anode  and  subsequently  reacts  with  the  oxygen  ions  (02~) 
incoming  from  the  electrolyte,  which  requires  the  anode  materials 
to  be  electrocatalytically  active  and  ionically  and  electronically 
conductive.  Among  the  state-of-the-art  anode  materials,  Ni-Y203 
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stabilized  Zr02  (Ni— YSZ)  cermet  is  the  most  widely  and  frequently 
used  due  to  its  high  catalytic  activity  and  electrical  conductivity  [1  — 
4].  In  this  cermet  anode,  Ni  provides  the  desired  catalytic  activity 
and  electronic  conductivity,  while  YSZ  offers  the  oxygen  ion  con¬ 
ductivity  and  adjusts  the  coefficient  of  thermal  expansion  (CTE). 
Ni— YSZ  anodes  possess  excellent  electrochemical  performance  in 
H2  fuel,  compared  to  other  types  of  anode  materials;  however,  they 
are  suffering  from  carbon  deposition  and  sulfur  poisoning  in  hy¬ 
drocarbon  fuels,  and  destructive  structure  evolution  caused  by  the 
redox  and  Ni  particle  agglomeration.  To  enhance  the  resistance  of 
Ni-YSZ  anodes  to  carbon  deposition  and  sulfur  poisoning, 
tremendous  efforts  have  made  by  element  alloying  [5-13]  and 
oxide  addition  [14-16].  In  comparison,  much  less  attention  has 
been  paid  to  increase  their  resistance  to  the  structural  degradation. 
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Operated  at  relatively  high  temperatures,  Ni  in  the  anode  is 
oxidized  to  NiO  when  it  is  exposed  to  an  oxidizing  atmosphere  by 
accident  or  due  to  high  fuel  utilization  overbalancing  the  equilib¬ 
rium  between  Ni  and  NiO;  and  the  NiO  will  be  subsequently 
reduced  to  Ni  when  the  normal  anode  atmosphere  is  resumed. 
Such  a  redox  cycle  is  accompanied  by  a  volume  change  of  more  than 
60%,  which  generates  stresses  in  functional  anode  and  anode  sup¬ 
port,  even  in  the  layer  of  electrolyte.  Repeated  redox  cycling  will 
result  in  dimensional  instability  and  more  seriously  cracking  and 
structural  disintegration  of  the  cell  [17-19].  In  addition,  high 
temperature  operation  causes  microstructural  changes  of  Ni-YSZ 
anodes  featured  by  the  growth  of  Ni  particles  [20—23].  The  anode 
reaction  in  Ni— YSZ  anode  can  only  occur  on  the  contact  lines  be¬ 
tween  Ni  and  YSZ,  that  is,  the  triple  phase  boundaries  (TPB)  where 
electrons,  oxide  ions  and  gaseous  fuel  meet  each  other.  The 
coarsening  of  Ni  particles  due  to  continuous  sintering  along  with 
the  operation  will  reduce  the  length  of  the  TPB  and  the  electronic 
conductivity  of  the  anode  [20];  consequently  the  electrocatalytic 
activity  of  the  anode  is  decreased  and  in  turn  the  cell  performance 
is  compromised. 

To  enhance  the  resistance  of  Ni-YSZ  anodes  to  the  redox,  an 
alternate  method,  solution  impregnation,  was  adopted  to  fabricate 
the  anode  in  the  present  study.  The  wet  method  has  been  proved 
effective  in  preparing  high  performance  nano-structured  anodes 
[24]  and  cathodes  [25-28],  compared  with  the  conventional  sin¬ 
tering  method  [29,30  .  With  Ni  particles  infiltrated  on  a  sintered 
YSZ  scaffold,  the  anode  dimension  is  fixed  by  the  scaffold,  which 
remains  invariant  during  redox  cycles  and  maintains  the  structural 
integrity  of  the  anode  [31].  However,  the  impregnated  Ni  particles 
are  still  susceptible  to  isothermal  instability  caused  by  Ni  particle 
agglomeration,  leading  to  anode  structure  and  performance 
degradation.  This  suggests  the  necessity  of  stabilizing  the  Ni  par¬ 
ticles  in  the  impregnated  Ni  +  YSZ  anode  to  ensure  its  long-term 
performance. 

In  conventional  Ni-YSZ  cermet  anode,  MgO  was  considered  as 
an  additive  to  stabilize  Ni  particles  against  sintering  and  promote 
hydrocarbon  reforming  32-36].  The  results  indicate  that  the 
reforming  of  hydrocarbon  and  biogas  was  enhanced  [32,33,35]  and 
the  microstructure  of  the  anode  was  stabilized  [35,36]  by  the 
addition  of  MgO.  As  to  the  electrochemical  performance,  Shiratori 
et  al.  [33]  observed  a  degradation  by  adding  MgO  due  to  increase  in 
ohmic  resistance  of  the  anode  material;  however,  Phongaksorn 
et  al.  [34]  reported  an  increased  peak  power  density  for  a  cell  with 
MgO-added  Ni  cermet  anode  because  of  a  much  lower  polarization 
resistance  of  the  anode,  even  though  the  ohmic  resistance  of  the 
anode  was  increased.  As  a  matter  of  fact,  the  ohmic  resistance  is  not 
an  issue  in  the  impregnated  anode  as  long  as  the  loading  of  Ni  is 
above  the  threshold  for  3-D  percolation.  In  the  present  study,  MgO 
was  co-impregnated  with  NiO  to  form  (Ni,  Mg)0  +  YSZ  anode,  with 
the  purpose  of  stabilizing  the  microstructure  and  enhancing  the 
electrochemical  performance  of  the  Ni-based  cermet  anode.  In  this 
paper,  the  optimization  of  impregnation  loading,  the  redox-ability, 
microstructure  evolution  and  electrochemical  performance  of  the 
impregnated  anodes  were  reported,  in  comparison  with  that  of  the 
conventional  Ni  cermet  anode. 


in  thickness.  For  preparation  of  a  nano-structured  Ni  +  YSZ  anode 
via  solution  impregnation,  a  porous  YSZ  layer  was  firstly  fabricated 
on  the  sintered  YSZ  substrate  by  the  screen  printing-sintering 
process.  The  screen-printed  YSZ  slurry  contained  15  wt%  of  car¬ 
bon  black  as  the  pore  former  and  was  sintered  at  1250  °C  in  air  for 
1  h.  The  porous  YSZ  layer  was  10—20  pm  thick  with  an  area  of 
0.5  cm2,  to  which  Ni2+  or  Ni2+  and  Mg2+  containing  solution  was 
infiltrated.  The  solution  was  made  by  dissolving  pure 
Ni(N03)2-6H20  or  Ni(N03)2-6H20  and  Mg(N03)2-6H20  at  a  molar 
ratio  of  0.9  to  0.1  into  distilled  water  to  reach  a  concentration  of 
0.3  M.  Being  dried  in  air  and  calcined  at  600  °C  in  air  for  1  h,  the 
impregnated  solution  was  converted  to  nano-sized  NiO  or 
Nio.9Mgo.1O  oxide  particles.  The  weight  ratio  of  impregnated  oxide 
to  YSZ  in  the  anode  was  between  20  and  50  wt%  controlled  by  the 
injected  volume  of  the  solution  via  a  syringe.  For  the  purpose  of 
comparison,  the  conventional  Ni-YSZ  cermet  anode  was  also 
prepared  by  screen-printing  a  slurry  containing  NiO  and  YSZ  at  a 
weight  ratio  of  50  to  50  on  the  sintered  electrolyte  substrate  and 
sintering  at  1350  °C  in  air  for  2  h.  For  convenience,  all  the  cells 
prepared  for  the  present  study  were  classified  by  fabrication 
method  and  composition,  as  listed  in  Table  1,  in  which  the  volume 
percentage  of  Ni  (vol%  (Ni))  in  the  reduced  anode  was  estimated 
by  the  following  equation 


Vol%(Ni) 


vol(Ni) 

—  vol(Ni)+vol(YSZ) 


M(  Ni) 

_  D(  Ni) 

—  M(Ni)  M(YSZ) 
D(Ni)“t D(YSZ) 


X  100% 


(1) 


where  the  V,  M  and  D  represent  the  volume,  weight  and  density  of 
each  component,  respectively. 


2.2.  Electrochemical  measurement 

To  evaluate  the  electrochemical  performance  of  the  prepared 
anode,  Pt  paste  was  symmetrically  painted  on  the  electrolyte 
substrate  opposite  to  the  anode  (working  electrode)  and  baked  at 
750  °C  in  air  for  1  h,  as  the  counter  and  reference  electrodes.  The 
distance  between  the  round  counter  electrode  and  the  ring-like 
reference  electrode  was  4  mm,  which  was  approximately  3 
times  the  thickness  of  the  electrolyte  substrate,  satisfying  the 
extreme  measurement  requirement  in  the  three-electrode 
configuration  [37].  Pt  mesh  and  wire  were  used  as  the  current 
collector  and  measuring  lead;  and  a  Ceramabond  glass  sealant 
(Aremco  Product,  Inc.)  was  used  to  seal  the  anode  compartment. 
The  electrochemical  performance  of  the  reduced  anode  was 
characterized  by  using  an  impedance/gain  phase  analyzer 
(Solartron  1260)  and  an  electrochemical  interface  (Solartron 
1287)  at  temperatures  between  700  and  800  °C  and  a  constant 
hydrogen  flow  of  100  ml  min-1.  The  AC  amplitude  was  10  mV, 
and  the  frequency  was  in  the  range  between  10-2  and  106  Hz.  To 
understand  the  effect  of  electrical  current  on  the  anode  perfor¬ 
mance,  anodic  current  polarization  at  200  mA  cm-2  was  also 
conducted  at  750  °C;  and  the  impedance  data  were  acquired  at 
an  interval  of  3  h. 


2.  Experimental 

2.1.  Cell  preparation 

Electrolyte  supported  button  cells  were  prepared  as  a  vehicle 
for  anode  evaluations.  The  electrolyte  substrate  was  fabricated  by 
dry  pressing  8%mol  YSZ  powder  (TZ8YS,  Tosoh)  in  a  cylindrical  die, 
followed  by  sintering  at  1500  °C  in  air  for  5  h.  The  sintered  dense 
YSZ  substrate  was  approximately  22  mm  in  diameter  and  1.3  mm 


Table  1 

Prepared  Cells  with  various  kinds  of  anodes  and  compositions. 


Cell  no.  Anode 

Composition  (wt%) 

Ni  (wt%) 

Ni (vol%) 

1  Conventional 

NiO/YSZ  =  50/50 

44 

34 

2  Impregnated 

NiO/YSZ  =  20/80 

16 

12 

3 

NiO/YSZ  =  30/70 

25 

18 

4 

NiO/YSZ  =  40/60 

34 

26 

5 

NiO/YSZ  =  50/50 

44 

34 

6  Impregnated 

(Ni,  Mg)0/YSZ  =  40/60  (wt%)  Ni/Mg 

=  90/10  (at%) 

172 
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2.3.  Redox  test 

To  compare  the  redox-ability  of  the  conventional  and  impreg¬ 
nated  anodes,  the  prepared  anodes  were  subjected  to  redox  cycles. 
After  initial  impedance  measurement  in  pure  H2  at  800  °C  and 
subsequent  N2  flushing  for  15  min,  the  anode  was  oxidized  in  air  for 
30  min  by  flowing  air  into  the  anode  compartment,  which  was  then 
flushed  by  N2  for  another  15  min  before  the  anode  was  reduced  in 
flowing  pure  H2  for  30  min.  The  flow  rate  of  all  the  gases  used  in  the 
test  was  fixed  at  100  ml  min-1  and  electrochemical  impedance 
measurement  was  performed  at  an  interval  of  5  redox  cycles. 

2.4.  Microstructure  and  phase  characterization 

The  microstructure  of  the  anodes  was  examined  by  using  a 
scanning  electron  microscope  (SEM,  Sirion  200);  and  the  phases  in 
the  anodes  were  identified  by  X-ray  diffraction  (XRD,  X’Pert  Pro, 
PAN  Analytical  B.V.)  at  room  temperature  with  a  Cu  Ka  radiation. 
The  range  of  the  26  angle  was  between  20  and  70°,  and  the  scan  rate 
was  10°  min-1. 

3.  Results  and  discussions 

3.1.  Optimization  of  catalyst  loading  in  impregnated  anode 

The  electrochemical  performance  of  the  anodes  was  character¬ 
ized  by  electrochemical  impedance  spectrum  (EIS).  Fig.  1  shows  the 
open  circuit  EIS  (Nyquist  plot)  of  impregnated  anodes  with  various 
NiO  loadings  (Cell-2  to  Cell-5)  in  dry  H2  at  temperatures  of  700, 750 
and  800  °C.  The  spectra  were  featured  by  flatten  arcs,  which 
intercepted  with  the  real  axis  at  high  and  low  frequencies, 


Fig.  1.  Electrochemical  impedance  spectra  measured  in  H2  at  open  circuit  and  tem¬ 
peratures  of  700,  750  and  800  °C  for  NiO-impregnated  anodes  with  different  NiO 
contents  (wt%). 


Rq  Rph  Rpl 


CPEh  CPEt 


Fig.  2.  Equivalent  circuit  used  for  fitting  the  impedance  spectra  shown  in  figure. 

representing  the  ohmic  (ffa,  mainly  contributed  by  electrolyte)  and 
total  (ftT)  resistances  of  the  cell,  respectively.  The  difference  be¬ 
tween  Rj  and  Rq  is  the  polarization  resistance  (ftp),  measuring  the 
electrochemical  performance  of  the  anode.  It  is  seen  that  increasing 
temperature  decreased  the  value  of  ftp,  due  to  the  enhanced  anode 
activity  by  temperature.  For  example,  the  ftP  value  of  the  anode 
containing  20  wt%  loaded  NiO  decreased  from  3.91  to  1.79  Q  cm2  as 
temperature  increased  from  700  to  800  °C.  It  is  also  noticed  from 
Fig.  1  that  increasing  the  loading  of  NiO  reduced  the  value  of  ftP  until 
a  minimum  was  achieved  at  40  wt%  loaded  NiO.  It  was  1.40,  0.71 
and  0.60  Q  cm2  at  700,  750  and  800  °C,  respectively,  exhibiting  a 
comparable  electrochemical  performance  to  the  conventional  Ni- 
Gd203  doped  Ce02  (Ni-GDC)  anode  [16,38].  However,  further 
increasing  the  amount  of  loaded  NiO  to  50  wt%  increased  the  value 
of  ftP.  This  result  indicates  that  there  exists  a  limiting  level  of  loaded 
NiO  for  the  impregnated  Ni  +  YSZ  anode,  at  which  the  electro¬ 
chemical  performance  of  the  anode  is  maximized. 

For  getting  more  insight  into  the  effect  of  loaded  NiO  on  the 
performance  of  the  impregnated  anode,  the  electrochemical 
impedance  spectra  shown  in  Fig.  1  were  deconvoluted  into  two  arcs 
by  using  an  equivalent  circuit  shown  in  Fig.  2,  similarly  to  what 
reported  in  Ref.  [16,34].  ftPh  and  CPEh  are  the  electrode  resistance 
and  constant  phase  element  associated  with  the  high-frequency 
arc,  and  ftPi  and  CPEi  are  those  associated  with  the  low-frequency 
arc.  As  known,  H2  oxidation  reaction  on  a  Ni-YSZ  anode  is 
mainly  comprised  of  two  consecutive  processes,  that  is,  H2  diffu¬ 
sion  and  dissociation,  followed  by  charge  transfer  over  the  Ni/YSZ 
interface  [16,39].  The  first  step  is  strongly  influenced  by  the  cata¬ 
lyst,  while  the  second  one  is  dependent  on  the  mixed  (electronic 
and  ionic)  conductivity  of  the  anode  at  the  triple  phase  boundary 
[40].  It  is  generally  accepted  that  the  high-frequency  arc  is  related 
to  the  charge  transfer  process  at  the  Ni/electrolyte  interface;  and 
the  low-frequency  impedance  arc  is  related  to  H2  diffusion  and 
dissociation  in  the  electrode  [39,40]. 

The  values  of  ftPh  and  ftPi  determined  by  data  fitting  for  various 
anodes  at  different  temperatures  were  listed  in  Table  2;  and  the 
characteristic  frequency  separating  the  high-  and  low-frequency 


Table  2 

Polarization  resistance  of  impregnated  anodes  at  various  temperatures. 


Anode 

Temperature 

(°C) 

RP  (Q  cm2) 

Rph  cm2) 

RP\  (Q  cm2) 

NiO/YSZ  =  20/80 

700 

3.9119 

3.3370 

0.5749 

750 

2.1823 

1.8570 

0.3253 

800 

1.7950 

1.5100 

0.2850 

NiO/YSZ  =  30/70 

700 

2.8700 

1.4570 

1.4130 

750 

1.8451 

0.8646 

0.9805 

800 

1.0995 

0.5066 

0.5929 

NiO/YSZ  =  40/60 

700 

1.4027 

0.2108 

1.1919 

750 

0.7048 

0.1031 

0.6017 

800 

0.6003 

0.0672 

0.5331 

NiO/YSZ  =  50/50 

700 

2.6999 

0.9954 

1.7045 

750 

1.4700 

0.4132 

1.0568 

800 

0.8599 

0.2259 

0.6340 

Ni— MgO/YSZ 

700 

1.3800 

1.0999 

0.2801 

750 

0.8100 

0.3499 

0.4601 

800 

0.6200 

0.1989 

0.4211 
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Fig.  3.  SEM  micrographs  showing  microstructures  of  20  wt%  NiO-impregnated  (A)  and 
40  wt%  NiO-impregnated  (B)  before  reduction. 

arcs  was  marked  in  Fig.  1.  The  results  indicate  that  the  high- 
frequency  polarization  resistance  reduced  and  the  low-frequency 
one  fluctuated  as  NiO  loading  was  increased  up  to  40  wt%;  and 
further  increasing  the  loaded  NiO  to  50  wt%  increased  both  the 
polarization  resistances.  This  phenomenon  can  be  explained  by  the 
evolution  of  anode  microstructure  with  the  increase  of  NiO  loading. 
At  a  low  level  of  NiO  loading,  such  as  20  wt%  (Fig.  3a),  NiO  particles 
were  sporadically  distributed  on  the  surface  of  YSZ  scaffold  and  the 
TPB  for  H2  oxidation  was  inadequate,  leading  to  a  higher  ftp h;  and  at 
a  higher  level  of  NiO  loading,  for  example  40  wt%  (Fig.  3b),  the  TPB 
was  significantly  increased,  resulting  in  a  much  lower  ftph.  The 
fluctuation  of  ftpi  was  probably  due  to  the  competing  effect  between 
H2  diffusion  and  dissociation.  The  former  prefers  a  low  level  of  NiO 
loading  and  high  anode  porosity,  and  the  latter  prefers  a  high  level 
of  NiO  loading  with  a  larger  Ni  surface  area.  Increasing  NiO  loading 
to  the  level  of  50  wt%,  the  surface  of  YSZ  scaffold  was  excessively 
covered  by  Ni,  significantly  reducing  the  TPB,  exposed  Ni  surface 
and  the  porosity  of  the  anode;  consequently  both  high-  and  low- 
frequency  polarization  resistances  were  increased.  Based  on  the 
EIS  results  shown  in  Fig.  1,  the  anode  with  40  wt%  loaded  NiO  was 
selected  for  further  evaluation,  together  with  the  conventional  and 
(Ni,  Mg)0-impregnated  anodes. 

3.2.  Durability  of  electrochemical  performance 

Fig.  4  compares  the  initial  EIS  of  the  conventional  Ni-YSZ 
cermet  anode  (Cell  1),  40  wt%  NiO  impregnated  anode  (Cell  4)  and 
40  wt%  Nio.9Mgo.1O  impregnated  anode  (Cell  6).  To  focus  on  the 


Fig.  4.  Electrochemical  impedance  spectra  measured  in  H2  at  open  circuit  and  tem¬ 
peratures  of  700,  750  and  800  °C  for  various  kinds  of  anodes:  Conventional,  NiO- 
impregnated  and  (Ni,  Mg)0-impregnated.  The  loading  in  impregnated  anodes  is 
40  wt%. 

electrochemical  performance  of  the  anode,  the  Rq  was  subtracted. 
The  overall  polarization  resistance  (ftp)  of  Cell  1  was  4.18,  2.34  and 
1.56  Q  cm2  at  700,  750  and  800  °C,  respectively,  which  fall  into  the 
ftp  range  of  Ni-YSZ  anodes  [1,16],  but  are  significantly  higher  than 
those  of  the  impregnated  anodes.  This  result  can  be  understood 
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Fig.  5.  X-ray  diffraction  patterns  of  impregnated  anodes  before  and  after  reduction  in 
H2  at  750  for  2  h.  The  loading  in  impregnated  anodes  is  40  wt%. 
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Fig.  6.  Electrochemical  impedance  spectra  of  NiO-impregnated  (A)  and  (Ni,  Mg)0- 
impregnated  (B)  and  conventional  (C)  anodes  polarized  at  750  °C  under  an  anodic 
current  of  200  mA  cm-2  for  up  to  48  h.  The  loading  in  impregnated  anodes  is  40  wt%. 

from  the  microstructure  point  of  view  that  the  TPB  and  the  exposed 
Ni  surface  were  significantly  enhanced  in  the  impregnated  anodes. 
The  (Ni,  Mg)0  impregnated  anode  demonstrated  similar  polariza¬ 
tion  resistance  (1.38,  0.81  and  0.62  Q  cm2  at  700,  750  and  800  °C, 
respectively)  to  that  of  the  NiO  impregnated  one.  Fig.  5  shows  the 


X-ray  diffraction  patterns  of  the  impregnated  anodes  before  and 
after  reduction  at  750  °C  in  pure  hydrogen  for  2  h.  It  is  not  sur¬ 
prising  that  both  the  impregnated  anodes  contained  YSZ  and  NiO 
(or  (Ni,  Mg)0)  before  reduction,  and  dissolution  of  10  mol%  MgO  in 
NiO  caused  slightly  left-shift  of  (Ni,  Mg)0  diffraction  peaks 
compared  with  those  of  pure  NiO.  Being  exposed  to  H2  at  750  °C  for 
2  h,  the  pure  NiO  particles  were  fully  reduced  to  metallic  Ni; 
however,  the  (Ni,  Mg)0  particles  were  only  partially  reduced  with 
some  remained  as  (Ni,  Mg)0.  This  result  is  in  agreement  with  what 
reported  by  Tikekar  et  al.  [41]  and  Shiratori  et  al.  [35  that  the 
reducibility  of  NiO  was  dramatically  lowered  by  Mg  addition.  The 
existence  of  oxide  in  the  reduced  anode  made  the  high-  and  low- 
frequency  processes  more  distinguishable  without  significantly 
change  the  overall  electrochemical  performance  of  the  anode. 

To  evaluate  the  performance  durability  of  the  impregnated  an¬ 
odes,  they  were  subjected  to  anodic  current  polarization  at 
200  mA  cm-2  and  750  °C  for  up  to  48  h,  with  the  conventional  Ni- 
YSZ  cermet  anode  as  a  comparison.  Similar  results  were  obtained  in 
repeated  tests,  as  typically  shown  in  Fig.  6.  It  is  obvious  that  the  Rp 
of  all  three  anodes  increased  as  a  result  of  polarization  for  48  h; 
however,  they  behaved  differently.  For  the  NiO-impregnated  anode, 
in  which  NiO  was  fully  reduced  to  Ni  before  the  polarization,  the  Rp 
was  0.64  Q  cm2  initially  and  increased  continuously  with  polari¬ 
zation  time.  It  rose  by  25%  to  0.80  Cl  cm2  during  the  first  24  h  of 
polarization  and  to  1.22  Q  cm2  at  the  end  of  the  48  h  test  with  a  total 
90%  increase.  In  the  (Ni,  Mg)0-impregnated  anode,  the  oxide  was 
partially  reduced  to  Ni  with  the  presence  of  a  certain  amount  of  (Ni, 
Mg)0  particles.  The  Rp  was  0.73  Cl  cm2  in  the  beginning  of  the 
polarization  test,  and  it  reduced  to  0.65  Q  cm2  during  the  first  12  h 
test  and  then  increased  to  0.71  Q  cm2  during  the  next  12  h  test  and 
finally  increased  to  0.93  Cl  cm2  at  the  end  of  the  48  h  polarization, 
leading  to  a  total  increase  of  27%.  Comparing  the  behavior  of  these 
two  electrodes,  it  can  be  concluded  that  (Ni,  Mg)0-impregnated 
anode  is  significantly  stabilized.  The  conventional  Ni-YSZ  anode 
was  less  sensitive  to  current  polarization  than  the  impregnated 
anodes,  with  an  almost  unchanged  Rp  value  around  2.00  Q  cm2 
during  the  polarization  test.  Flowever,  This  value  is  more  than  twice 


Fig.  7.  SEM  micrographs  showing  microstructures  of  NiO-  and  (Ni,  Mg)0-impregnated  anodes  before  (A,  B)  and  after  (C,  D)  current  polarization  at  200  mA  cm  2  and  750  °C  for  48  h. 
The  loading  in  impregnated  anodes  is  40  wt%. 
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that  of  the  (Ni,  Mg)0-impregnated  anode,  suggesting  that 
impregnating  (Ni,  Mg)0  is  an  effective  approach  to  enhance  and 
stabilize  the  electrochemical  performance  of  Ni-YSZ  anode. 

The  electrochemical  performance  of  the  anodes  is  closely 
related  to  their  microstructures.  From  microstructure  point  of  view, 
it  is  expected  that  current  polarization  at  750  °C  had  a  two-fold 
effect  on  anode  performance.  The  positive  effect  was  that  the  cur¬ 
rent  polarization  improves  the  contact  between  Ni  and  YSZ,  which 
enhanced  electrochemical  performance  of  the  electrode.  Never¬ 
theless  it  also  imposed  a  negative  effect  simultaneously  on  the 
performance  due  to  continuous  sintering  of  the  reduced  Ni  parti¬ 
cles;  consequently,  the  length  of  TPB  and  the  interconnection  of  Ni 
particles,  and  in  turn  the  electrode  performance  were  decreased. 
The  submicron-scale  microstructure  of  the  conventional  Ni— YSZ 
cermet  anode  was  relatively  stable  under  the  condition  of  the 
current  polarization;  therefore  its  performance  remained  almost 
unchanged.  The  microstructure  of  the  impregnated  anodes,  con¬ 
sisting  of  nanosized  Ni  particles  distributed  on  the  surface  of  YSZ 
scaffold,  was  quite  different  from  that  of  the  conventional  one;  and 
their  performance  was  eventually  affected  adversely  by  the  current 
polarization.  In  the  case  of  the  NiO-impregnated  anode  the  positive 
effect  of  current  polarization  on  the  performance  was  concealed  by 
the  negative  effect  from  the  beginning  of  the  polarization;  whereas 
for  the  (Ni,  Mg)0-impregnated  anode  the  positive  effect  was  just 
slightly  overbalanced  by  the  negative  one.  Fig.  7  shows  the 
microstructure  of  the  impregnated  anodes  before  and  after  the  48  h 
polarization.  Prior  to  the  polarization  the  reduced  particles  with  a 
size  below  100  nm  were  finely  distributed  on  the  surface  of  YSZ 
scaffold,  and  the  reduced  (Ni,  Mg)0  particles  was  somewhat 
smaller.  Polarized  for  48  h  the  fine  particles  in  the  NiO-impregnated 
anode  were  dramatically  agglomerated  to  much  larger  particles 
due  to  Ni  sintering,  and  those  in  (Ni,  Mg)0-impregnated  anode  only 
grew  insignificantly  due  to  the  presence  of  unreduced  (Ni,  Mg)0 
particles.  The  difference  in  the  polarized  microstructure  between 
these  two  impregnated  anodes  explains  their  difference  in  perfor¬ 
mance  stability. 


Fig.  8.  Electrochemical  impedance  spectra  of  NiO-impregnated  (A)  and  (Ni,  Mg)0- 
impregnated  (B)  and  conventional  (C)  anodes  subjected  to  redox  cycling  at  800  °C. 
The  loading  in  impregnated  anodes  is  40  wt%. 


3.3.  Resistance  to  redox  cycling 

Fig.  8  presents  the  EIS  of  the  three  kinds  of  anodes  after  redox 
cycling  at  800  °C,  showing  the  changes  in  both  the  Rq  and  Rp.  After 
first  5  redox  cycles,  the  increase  in  Rq  was  0.03,  0.02  and  0.3  Q  cm2 
for  the  NiO-impregnated,  (Ni,  Mg)0-impregnated  and  conventional 
anodes,  respectively;  and  the  corresponding  increase  in  RP  was 


Fig.  9.  SEM  micrographs  showing  microstructures  of  NiO-impregnated  (A)  and  (Ni, 
Mg)0-impregnated  (B)  and  conventional  (C)  anodes  after  10  redox  cycles  at  800  °C. 
The  loading  in  impregnated  anodes  is  40  wt%. 
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Fig.  10.  Schematics  showing  microstructure  evolution  of  NiO-  and  (Ni,  Mg)0-impregnated  anodes  upon  current  polarization  or  redox  cycling. 


insignificant  for  the  impregnated  anodes,  and  was  1.55  Q  cm2  for 
the  conventional  anode.  After  another  5  redox  cycles,  both  NiO- 
impregnated  and  conventional  anodes  demonstrated  a  significant 
increase  in  both  the  Rq  and  RP  to  2.08  and  0.65,  and  2.55  and 
2.66  Q  cm2,  respectively.  Those  for  the  (Ni,  Mg)0-impregnated 
anode  was  only  moderately  increased  to  1.88  and  0.71  Q  cm2. 
These  results  confirm  that  the  impregnated  anodes  were  more 
tolerant  to  the  redox  than  the  conventional  anode;  and  the  (Ni,  Mg) 
O-impregnated  anode  possessed  the  highest  redox-ability  among 
these  three  anodes.  Compared  with  the  increase  in  polarization 
resistance  of  the  redox-resistant  (Lao.75Sro.25)Cro.5Mno.503_<5  oxide 
anode  (16%  increase  after  4  redox  cycles  [42]),  the  impregnated 
anodes  demonstrated  an  excellent  redox  ability. 

Fig.  9  shows  the  microstructure  of  the  three  anodes  after  10 
redox  cycles.  In  the  conventional  anode,  NiO  or  Ni  was  part  of  the 
sintered  porous  structure,  interconnecting  with  the  YSZ  segments. 
The  stresses  arisen  from  the  large  volume  change  (more  than  60%) 
accompanied  with  Ni  <-►  NiO  transformation  were  accumulated 
with  the  redox  cycling,  and  eventually  damaged  the  interfaces  of 
Ni/YSZ  in  the  anode  and  anode/electrolyte  in  the  cell,  leading  to  an 
increase  in  both  the  Rq  and  RP  and  more  seriously  the  cracking  of 
the  anode  and  electrolyte  as  shown  in  Fig.  9A.  Unlike  what  in  the 
conventional  anode,  the  porous  YSZ  scaffold  was  sintered  to  the 
dense  electrolyte  in  advance,  and  the  catalyst  particles  were  then 
impregnated  into  the  pores  of  the  scaffold  via  solution.  The 
Ni  <-►  NiO  transformation  upon  redox  was  occurred  on  the  surface 
of  the  YSZ  scaffold,  and  the  associated  volume  change  would  not 
build  up  a  notably  high  level  of  stresses  in  the  scaffold  to  detach  the 
anode  and  electrolyte  or  disintegrate  the  cell.  The  increase  in  the  R& 
and  RP  caused  by  redox  cycling  is  attributed  to  the  agglomeration  of 
the  reduced  Ni  particles,  as  shown  in  Fig.  9B.  The  particle 
agglomeration  of  Ni  decreased  the  degree  of  3-dimensional  inter¬ 
connection  among  the  Ni  particles  and  the  length  of  TPB.  Because  of 
the  existence  of  unreduced  (Ni,  Mg)0  particles,  the  coalescence  of 
reduced  Ni  particles  was  considerably  suppressed,  as  shown  in 
Fig.  9C,  which  maintained  a  finely  interconnected  distribution  of  Ni 
particles  on  the  YSZ  scaffold.  As  a  consequence,  the  electrochemical 
performance  of  the  (Ni,  Mg)0-impregnated  anode  was  not  drasti¬ 
cally  impacted  by  the  redox. 


3.4.  Microstructural  stability  of  impregnated  anodes 

From  above  results,  it  is  convinced  that  the  improved  electro¬ 
chemical  performance  and  redox-ability  of  the  (Ni,  Mg)0- 
impregnated  anode  over  the  other  two  anodes  is  ascribed  to  its 
stabilized  fine  Ni  particles.  From  the  viewpoint  of  wettability,  Ni  is 
not  perfectly  wettable  on  the  surface  of  YSZ  and  turns  to  agglom¬ 
erate  thermodynamically.  It  was  reported  that  the  addition  of  ox¬ 
ides,  such  as  Ti02,  Cr203  or  Mn203,  improved  the  wettability  either 
by  modification  of  YSZ  surface  [43]  or  by  formation  of  unreduced 
MexOy  (Me  =  Ti,  Cr  or  Mn)  as  an  “oxide  frame”  [44],  suppressing  Ni 
particle  growth  in  its  metallic  form  due  to  sintering.  Shiratori  et  al. 
[35]  also  reported  that  the  addition  of  MgO  into  NiO  formed  a  stable 
(Ni,  Mg)0  solution,  which  was  incompletely  reduced  to  fine  Ni 
particles  with  retained  (Ni,  Mg)0.  Based  on  the  results  from  the 
previous  studies  and  the  microstructure  observation  shown  in 
Figs.  7  and  9,  a  model  of  microstructure  evolution  along  with  the 
current  polarization  and  redox  cycling  was  proposed  for  the 
impregnated  anodes,  as  shown  in  Fig.  10.  The  micron-scale  YSZ 
scaffold  was  integrated  to  the  electrolyte  substrate  by  sintering  and 
acts  as  a  backbone  of  the  electrode  for  conducting  oxide  ions;  and 
NiO-based  oxides  were  impregnated  onto  the  surface  of  the  back¬ 
bone  as  a  catalyst.  The  microstructure  of  this  backbone  would  not 
change  upon  the  current  polarization  and  redox  cycling.  Without 
the  addition  of  Mg,  the  initially  reduced  fine  Ni  particles  in  the  NiO- 
impregnated  anode  were  quickly  agglomerated  due  to  its  poor 
wettability  on  YSZ  surface;  and  in  the  (Ni,  Mg)0-impregnated  an¬ 
odes,  the  fine  Ni  particles  reduced  from  (Ni,  Mg)0  were  stabilized 
due  to  the  presence  of  retained  (Ni,  Mg)0.  It  is  the  finely  stabilized 
microstructure  that  promotes  the  stability  of  electrochemical  per¬ 
formance  and  redox-ability  of  the  (Ni,  Mg)0-impregnated  anode. 

4.  Conclusions 

NiO-impregnated,  (Ni,  Mg)0-impregnated  and  conventional 
Ni-YSZ  cermet  anodes  were  prepared  and  investigated  in  the  as¬ 
pects  of  catalyst  loading  optimization,  electrochemical  perfor¬ 
mance  durability  and  redox-ability.  From  the  results  obtained,  the 
following  conclusions  are  made. 
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1.  The  electrochemical  performance  of  the  NiO-impregnated 
anode  is  enhanced  by  increasing  NiO  loading  up  to  40  wt% 
with  a  minimum  polarization  resistance  mainly  due  to  its 
increased  TPB  and  conductivity  that  promote  the  charge- 
transfer  process  of  H2  oxidation.  Further  increasing  the 
loading  worsens  the  electrochemical  performance  of  the  anode. 

2.  The  conventional  Ni-YSZ  cermet  anode  is  less  sensitive  to  the 
current  polarization  at  200  mA  cm-2  and  750  °C;  however,  its 
polarization  resistance  is  much  higher  than  those  of  the 
impregnated  anodes.  Addition  of  Mg  into  NiO  significantly 
stabilizes  the  electrochemical  performance  of  the  impregnated 
anode  with  a  much  lower  polarization  resistance  than  that  of 
the  conventional  anode. 

3.  Impregnated  anodes  are  significantly  more  resistant  to  redox 
cycling  at  800  °C  than  the  conventional  Ni-YSZ  cermet  anode; 
and  adding  Mg  into  NiO  enhances  the  redox-ability  of  the  (Ni, 
Mg)0-impregnated  anode. 

4.  The  improved  electrochemical  performance  and  redox-ability 
of  the  (Ni,  Mg)0-impregnated  anode  are  attributed  to  its  sta¬ 
bilized  microstructure  consisting  of  nano-scale  Ni  particles 
distributed  on  the  surface  of  the  pre-sintered  YSZ  scaffold.  The 
agglomeration  of  fine  Ni  particles  is  suppressed  by  the  unre¬ 
duced  (Ni,  Mg)0  in  the  anode. 
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